The outcome of collision dynamics of suspension drops (process fluids) is an interesting and challenging problem in industrial spray applications as e.g. spray drying. As a result of the liquid fragmentation process as well as a result of a binary droplet collision in the spray, fine droplets may be formed at the very low end of the overall droplet size distribution in the spray. The fine particles (dust) during spray drying are considered to be a difficult process to control. One of the main causes is the complex interaction of suspension droplets in the hot air flow and the collision of droplets. An experimental study of binary collisions of suspension droplets in off center collisions (impact parameter of B > 0) is discussed. The aim is to study the collision phenomena and derive dominant physical mechanisms of binary droplet collision of suspensions. Two suspension droplet streams of equal size have been generated by means of piezoelectric droplet generators. The drop velocities of the two streams of suspension drops have been varied systematically to change the Weber number of the collision. A collision map for suspension droplet collisions will be derived. The formation of satellite droplets by suspension droplets collisions is correlated by a function based on the basic parameters and dimensionless numbers of the process. The results support the understanding of the phenomena of binary droplet collision dynamics between droplets from pure fluids and suspensions.
INTRODUCTION
The collision process of liquid drops is of common interest in several engineering process, especially within liquid spray systems as e.g. in spray drying [1] . Many numerical and experimental studies have been carried out on binary collisions of mostly equal sized droplets from pure fluids (water, fuels, alcohols,…).
A comprehensive review of droplet collision experiments on water and fuel drops has given by Orme [2] . A series of investigations as those of Brazier-Smith et al. [3] , Arkhipov et al. [4] , Ashgriz and Poo [5] and fuel drop collisions of Jiang et al. [6] , Qian and Law [7] has been performed. For the characterization of the collision phenomena, these researchers used the Weber number, the impact parameter and the diameter ratio of the colliding droplets. For the outcome of collisions of hydrocarbon drops and water drops in a gas field, five phenomenological regions have been identified and summarized in collision charts. Comparing the collision outcomes of hydrocarbon drops and water drops it is estimated, that for the case of water drops typically no "bouncing" of droplets occurs and beside the region "stretching separation" and "reflexive separation" after collision the region of "coalescence" exists. The authors showed in their experimental work, that the difference in droplet collision outcomes of water and hydrocarbon is referred to the different liquid properties (viscosity and surface tension). Furthermore, by increasing the pressure and the density of ambient gas, the tendency of "bouncing" of droplets increases even within central collisions.
In binary collision experiments of ethanol drops [8] these results were verified for other Weber numbers. The phenomenon of binary collision of propanol drops for higher Weber numbers (>1000) has been experimentally investigated by Frohn and Brenn [9] and by Roth et al. [10] in comparison with results of numerical simulations. In some investigations with water drops the bouncing collision outcome where the two drops bounce without forming any ligament for low Weber numbers and high impact parameters was not noticed [11] .
The influence of the liquid viscosity on the collision outcome has been investigated by Havelka et al. [11] . The collision outcome of water drops and Triethylenglycol drops is compared, where Triethylenglycol has a higher viscosity than water. In a region of Weber numbers up to 350 the results showed that for Triethylenglycol drops no region of "reflexive separation" exist. Only the collision outcomes "bouncing", "coalescence" and "stretching separation" has been detected. The transition from the region "coalescence" to "stretching separation" was detected at higher Weber numbers.
Blei and Sommerfeld [12, 13] investigated the collision event of emulsion droplets with identical concentration (process fluids: Soy based and whey based milk product), where "Soy" exhibits a non-Newtonian behaviour and "Whey" a Newtonian behaviour. The results have been compared with results of Havelka et al. [11] . It was shown that the collision outcome of the non-Newtonian liquid droplets is comparable with the impact outcome of Newtonian drops with identical liquid properties (viscosity, surface tension and density). It has been confirmed experimentally, that by increasing the liquid viscosity the transition limit between the region "coalescence" and the region "stretching separation" is shifted to higher Weber numbers.
Willis et al. [14] investigated binary droplet collisions under vacuum conditions in order to examine the role of the viscosity for colliding droplets. They have shown that compared to a collision under ambient pressure the influence of the viscosity for the collision process under vacuum is well pronounced. The critical Weber numbers (transition limits) is shifted to higher values.
Menchaca-Rocha et al. [15] studied the collision outcome of mercury drops, while slipping on a glass plate and showed that the impact effects are comparable to the collision effects of free falling liquid droplets.
Brenn and Kolobaric [16] investigated the formation of satellite droplets in the "stretching separation" region in unstable binary collisions of equal-sized drops for propanol-2 and acetone. Stability nomograms have been outlined to identify areas of constant satellite droplet numbers. A model for the process of satellite droplet formation has been proposed.
Gao et al. [17] studied the collision of drops of unlike liquids, the collision between a water drop and an ethanol drop. Due to the large difference in surface tension for water and ethanol, an "unbalanced surface force" action was observed on the water drop.
The application of these results for liquid droplet collisions for interpretation in other relevant technical processes dealing with difficult process fluids especially suspensions is limited. In this paper the results of droplet collision investigations using different suspension properties will be presented. The formation of satellite droplets for the case of the "stretching separation phenomenon" in binary collisions of equal sized droplets is the subject of particular interest.
EXPERIMENTAL WORK
The laboratory spray rig is shown schematically in Fig. 1 . The central devices of the set-up are two piezoelectric droplet generators. One drop generator is mounted on a threedimensional traversing unit and the other drop generator is kept fixed. To vary the collision angle (α), the direction of the droplet streams of both droplet generators can be adjusted at different angles. In the present investigation the collision angle is constant as α = 60°. The feed to the droplet generators is carried out with separate pressure vessels that are equipped with stirring elements to prevent sedimentation of the particles. The liquid flow is forced through a nozzle by means of a pressure, where a jet with a defined velocity is generated. In order to produce droplets of equal size (monodisperse drops), the piezoceramic vibrator of the drop generator is excited by an appropriate electrical signal [18] . Two droplet streams in a diameter range of 370-380µm have been produced. The droplet velocities of the streams of liquid and suspension drops have been varied systematically to change the Weber number and impact parameter of the collision.
For visualization of the collision interactions of the drops, a CCD-camera is used in combination with a matrix of LED´s for a transmitted light illumination of the droplet chain. The camera and illumination device are placed on a separate traverse unit to enable changes of the position without disturbing the drop streams. Only one function generator is used to drive the LED´s, which is synchronized with the excitation signal for the drop generators. As a result, the collision outcome may be recorded by the CCD-camera as fixed image. In order to determine the effect of the suspended solid particles on the collision interactions of the drops, different model suspensions based on water and water-ethanol-mixture with various suspended China Clay-I / -II, Glass and Polyamid particle concentrations were used. China Clay-I / -II and Glass particles were suspended in water and Polyamid particles in water-ethanol-mixture. For the suspensions under investigations no stabilizer has been added. These particles have spherical and non spherical shape ( Table 1 ).
In order to be able to evaluate the effect of the carrier liquid by impact with solid particles on collisional interactions of the drops, experiments have been carried out under comparable conditions with and without particle loading. For the characterization of the collision conditions the Weber number and the impact parameter are used. The Weber number (We) is defined as
where ρ is the density, σ the surface tension, D the diameter of the liquid drop and u the relative velocity of the two drops. In the case of pure liquid the liquid density is used to define the Weber number. For the suspension drops, the density of the density mixture, dependent on the concentration of particles is utilized. The relative velocity is calculated as
where u 1 is the velocity of drop1, u 2 the velocity of drop2 and α is the collision angle [19] .
Second important parameter is the impact parameter (B), which characterizes the geometry of impact:
The impact parameter represents the position of the droplets χ at the moment of contact perpendicular to the direction of their relative velocity. By considering the head-on collision of two equal size droplets the relative velocity vector coincides with the centreto-centre line (i.e. B = 0). An increase in the impact parameter will lead to an off-centre collision (i.e. B > 0) until the droplets do not collide each other (i.e. B = 1) [19] .
The Weber number was mainly controlled by changing the relative velocity, which was adjusted by the mass flow rate. The impact parameter was varied by positioning the movable drop generator relative to the fixed one in the normal direction to the plane of view of Fig. 1 .
The visualization system was used to record the collision outcome as fixed image. The results were obtained by evaluation of the records. All experiments have been carried out multiple times to be sure that the collision conditions are reproducible. For a clear representation of experimental results only average data in terms of secondary droplet number has been discussed in this paper. The scatter of the measured data is small.
RESULTS

Collision regimes of binary collision of droplets with and without particle loading
The phenomena of binary collision of water and suspension droplets of equal size in the Weber-number range We > 100 is experimentally investigated. Suspensions based on water with different suspended China Clay-I particle concentrations are used here. The derived collision regime map is shown in Fig. 2 . In the studies of Ashgriz and Poo [5] for water droplets under ambient pressure three regions for different types of collision outcomes have been identified. Comparison of collision outcomes of water droplets in the Weber number range up to We = 100 the results show, that in addition to the region reflexive separation ("RS") and stretching separation ("Str.S") a region coalescence ("C") exists. Moreover for water it was observed that with increasing Weber number the coalescence region becomes narrower and the reflexive separation and stretching separation regions are possibly overlapped. The boundary of the different regions in the diagram is identified by a continuous line. The results of binary droplet collisions of suspensions with identical particle loading of 5, 10 and 15w.% and water for varied Weber numbers are included in Fig. 2 . For 250 < We < 450 it can be seen, that both, suspension droplets and water droplets, have no region of coalescence. For these Webernumber range solely two collision outcomes, namely reflexive separation ("RS") and stretching separation ("Str.S") are identified. The transition limit between "RS" and "Str.S" for the case of water droplet collisions is shown by the dashed line. For the case of suspension droplets this transition limit is shifted to higher impact parameters (dashed-dotted line). It can be seen, that with the addition of solid particles in the carrier liquid (particle concentration of 5 to 15w.%) the determined critical value of the impact parameters is constant. The influence of the particle concentration in droplets on the collision outcome is not observable.
This trend is illustrated in Fig. 3 for the critical value of the impact parameter depending on particle concentration for the Weber-number range in question.
In the following, the formation of satellite droplets for the case of the "stretching separation phenomenon" (impact parameter of B > 0) in binary collisions of equal sized Figure 4 illustrates droplet impacts of equal sized water droplets for the case of the "stretching separation phenomenon". A ligament formation process is to be seen starting at the collision point, which finally results in the formation of satellite droplets when the connecting neck is pinched off [7] . The satellite droplets diameter is much smaller than the initial droplets diameter. The analysis of the amount of satellite droplets was performed by means of an image processing tool. When adding solid particles to the water the colliding phenomena shows an unstable formation of satellite droplets to the colliding case with pure water. This formation behaviour becomes more pronounced by increasing the particle concentration from 5w.% up to a particle concentration c p = 15w.%. As can be seen from Fig. 4 for pure water for one collision process the size of the satellite droplets is not equal, however, the size distribution is equal for each collision process. These changes by adding solid particles to the carrier liquid water, which have a random distribution in the ligament formed during the collision and influence obviously the collision process [19] .
Binary collision of suspension droplets
The resulting number of satellite droplets for impact parameter B = 0.83 and different Weber numbers are shown in Figure 5 . The number of satellite droplets for the six cases (c p = 0.3, 0.5, 1, 5, 10 and 15w.%) have a minimum for low Weber numbers and increases by increasing the Weber number from We ~ 300 to We ~ 450. For c p = 0.5w.% the measured number of satellite droplets is larger than for c p = 1w.%, 5w.% and 10w.%, and at the highest particle loading c p = 15w.%, the lowest satellite droplet number is counted. By decreasing the particle concentration (c P = 0.3w.%) the satellite droplets number for suspensions decrease again to a value of the pure water. Fig. 6 for the number of satellite droplets depending on particle concentration at We = 500 and an impact parameter B = 0.83. The formation of satellite droplets is influenced by the particle loading of the carrier liquid. By increasing the particle concentration the satellite droplet number values decreases due to the decreased length of the ligament at break-up. A higher concentration of particles stimulates the perturbations developed after the collision, and spatial and temporal break-up of the ligament becomes faster. As a result, the number of satellite droplets decreases. By increasing the impact parameter from B = 0.83 to B = 0.92 the same trend of the satellite droplet number is noticed. An influence of the impact parameter of the satellite droplet number in this case is not observable. The limiting behaviour for increasing Weber numbers may be referred to the particle size, when the diameter of the ligament at break-up is in the order of the particle size.
This trend is illustrated in
For suspension droplets with particle loading c P = 5w.% (which has an average number of China Clay-I particles per volume of 36765 / mm³ using d 50,3 = 10µm for calculation), the ligament length and thickness at break-up has been detected. The thickness of the ligament at break-up decreases with increasing the Weber number while the length of the ligament at break-up is increasing [19] . From this behaviour it can be concluded that at lower Weber numbers (We ~ 200) the solid particles are still good covered in the ligament at break-up. At higher Weber numbers (We up to ~ 500) the solid particle sizes are in the order of the diameter of the ligament at break-up (30 -40µm). That means, with increasing Weber number a critical value is reached where the number of satellite droplets becomes constant. Fig. 7a-b illustrates the resulting number of satellite droplets for the collision of suspension droplets with identical particle loading c P = 10w.% when using different particles for an impact parameter of B = 0.83 and B = 0.92. The influence of the particle size on the satellite droplet formation is seen in Fig. 7a Comparing the results for the collision process for suspension droplets with different particle size among each other, it is shown that the formation of satellite droplets is influenced by the particle size. By increasing the particle size the satellite droplet number decreases. At an impact parameter B = 0.92 (Fig. 7b ) a similar trend of the satellite droplet number is noticed, but the saturation behaviour starts at smaller Weber numbers.
The number of satellite droplets versus the solid particle size within the suspension at an impact parameter B = 0.83 and at a Weber number We = 500 is shown in Fig. 8 . The number of satellite droplets decreases with increasing particle sizes. The decrease of the satellite droplet number with increasing particle size is due to the relative particle size with respect to the length, respectively the ligament diameter at break-up. However, when using pure water without particle loading, one achieves another limit which may hold for an infinitely small particle size. In this case the smallest number of satellite droplets should be observed. By decreasing the particle size (d 50,3 < 4µm) the satellite droplets number for suspensions decreases again to a value of the pure liquid. Here the suspension viscosity effect, considering the suspension with smaller particles as a colloidal system, may contribute. Further investigations with smaller particles (below 2µm) are needed in this area. We (4) with a correlation performance of 0.9 (Fig. 9) . For the correlation of the number of secondary droplets the Reynolds number (Re) and the particle loading (ω) are used in addition to the Weber number. The Reynolds number is defined as
where ρ is the density, η the dynamic viscosity, D the diameter of the liquid drop and u the relative velocity of the drop. The loading of solid particles is defined as
where M Solid is the mass of solid and M Liquid is the mass of a droplet. 
SUMMARY AND CONCLUSIONS
An experimental study of binary collisions of suspension drops in off-center collisions has been carried out. The formation of satellite droplets by stretching separation phenomenon in binary collisions of drops of liquids with and without particle loading has been investigated. In order to determine the effect of suspended solid particles concentration and size on the collisional interactions of the drops, process suspensions based on water and water-ethanolmixture with various suspended China Clay, Silibeads and Polyamid particle concentrations were used.
The phenomena of binary collision of water and suspension droplets of equal size in the Weber-number range We > 100 is experimentally investigated. Suspensions based on water with different suspended China Clay-I particle concentrations are used here. For the Weber-number range 250 < We < 450 solely two collision outcomes, namely reflexive separation ("RS") and stretching separation ("Str.S") are identified. No region of coalescence is observable. For the case of suspension droplets the transition limit between "RS" and "Str.S"is shifted to higher impact parameters than for the case of water droplet collisions.
Measurements of the number of satellite droplets with different particle (China Clay-I loadings have shown that the increase of the solid particle concentration leads to a decrease in the satellite droplet number. Here the influence of the solid particle concentration is more significant than that of the viscosity. Furthermore due to cover performance of solid particles in the ligament at break-up, it can be concluded that with increasing Weber number a critical value is reached where the number of satellite droplets becomes constant (saturation behaviour). This saturation behaviour could also be the case for water for higher Weber numbers, which is not considered in our examinations.
The results for the collision process for suspension droplets with different particle type and size show, that the formation of satellite droplets is also influenced by the particle size. By increasing the particle size the satellite droplet number decreases.
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